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SUMMARY

Wind shears can create havoc during aircraft terminal area operations and
have been cited as the primary cause of several major aircraft accidents. A
simple sensor, potentially having application to the wind-shear problem, has
been developed to rapidly measure aircraft total energy relative to the air
mass. Combining this sensor with either a variometer or a rate-of-climb indi-
cator provides a total energy~rate system which has been successfully applied
in soaring flight. The measured rate of change of aircraft energy can poten-
tially be used on display/control systems of powered aircraft to reduce glide-
slope deviations caused by wind shear.

This paper describes the experimental flight configuration and evaluations
of the energy-rate system. Two mathematical models are developed: the first
describes operation of the energy probe in a linear design region and the second
model is for the nonlinear region. The calculated total energy rate is compared
with measured signals for many different flight tests. Time history plots show
the two curves to be almost the same for the linear operating region and very
close for the nonlinear region.

INTRODUCTION

A simple sensor has been developed to measure aircraft total energy with
respect to the air mass. (See refs. 1 to 4.) This sensor consists of a cylin-
drical tube or probe inserted into the air stream. With a small orifice located
on the downstream side of the cylinder, the probe provides a pressure source
sensitive to both static and dynamic pressure. The static pressure varies
inversely with altitude (and thus potential energy) while the dynamic pressure
varies with the square of the velocity (and therefore is proportional to kinetic
energy). The sensor pressure coefficient Cp is defined as

Pgensor ~ Pgtatic

Cp =

dc

where g, is the dynamic pressure and P is the pressure. Probe construction
details are contained in reference 2, and the relationship of Cp to physical
design trade-offs are given in references 3 and 5. The physical design criteria
include probe diameter, orifice size, orifice location along the probe length,
and inclination of the probe to the air stream. The probe is used for total
energy measurement, and in order to get equal weighting for both the static and
dynamic pressures, Cp must equal -1. Data developed in the references include
results from wind-tunnel tests which indicate that the desired Cp = -1 is
achievable with relative insensitivity to sideslip angles. Combining the total



energy-probe pressure source with either a variometer or rate-of-climb indicator
provides a total energy-rate system which has been successfully applied in
soaring flight. The success of the total energy-rate system in this application
and the simple nature of the probe have led to an interest in its applicability
to powered aircraft flight to provide information to reduce the effects of wind
shear on final approach. Since the system is designed to measure the rate of
change of energy with respect to the air mass, the measurement can give a timely
indication of wind shear that can be used by display/control system designers in
achieving reduced glide-slope deviation caused by wind shear (refs. 6 to 8).

To obtain an understanding of system operation, a limited flight test pro-
gram was undertaken. The understanding of system performance afforded by flight
test data can be used in designing practical display and control systems using
this sensor. The flight test results presented in this paper were obtained with
the De Havilland DHC-6 Twin Otter aircraft. This aircraft had features which
made it well suited as the test vehicle. The physical configuration allowed
the total energy probe to be mounted on a boom in front of the aircraft where
it was relatively free from body-induced flow-field effects. Instrumentation-
wise, the aircraft was equipped with an inertial platform, air data, and body
rate sensors, all of which were integrated with a data recording system. The
recorded variables made possible an independent calculation of total energy rate
which could be compared with the system measurement.

This paper describes the flight test equipment and the sensor configura-
tions evaluated. The maneuvers used to investigate system performance are
discussed and the equations used to obtain an independent estimate of aircraft
total energy are reviewed. Detailed comparisons of the system output and the
independent energy estimates are presented for several flight maneuvers including
take-off and landing.

SYMBOLS
A,B filter transition and control matrices
a,b first-order break frequencies
Cp pressure coefficient
Cg matrix transformation from body frame to energy-probe frame
d lateral distance from center line of vehicle (positive to right)
g acceleration due to gravity
H energy height, either potential or kinetic energy
H rate of change of energy height
h vertical distance from center line of vehicle (positive down)
I identity matrix
2
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k integer for iteration sample

1 longitudinal distance from vehicle center of gravity (positive
forward)

M Mach number

P pressure

P roll rate

q pitch rate

de dynamic pressure measurement

r yaw rate

T temperature

u control variable

\'4 velocity

Vyef minimum safe airspeed

X state variable vector

X1,Xo state variables

Xy, ke X2,k state variables for kinetic energy

x],p,lep state variables for potential energy

a angle of attack

B angle of sideslip

Y specific-heat ratio of air, 1.4

AT sample time for data reduction

8 probe sweep angle (forward is negative)

n recovery factor of total temperature probe, 1.0

0 measured pitch attitude of vehicle

AP rotation of energy probe about the probe vertical axis

P density



o] rotational angle of probe about vehicle boom

¢ measured roll angle of vehicle
Subscripts:

bar barometric altitude rate

£ filtered

k kinetic energy

kE filtered kinetic energy

m measured

o reference at sea level

P energy probe

PT pitot tube

o) potential energy

pf potential energy filtered

s static

t total

X,P longitudinal component at energy probe
X,0 longitudinal component of true value
Y,P lateral component of energy probe
Zz,P vertical component of energy probe

o a-vane

B8 B-vane

0 true value at center of gravity
Notation:

{ }b vector in body coordinate frame

{}P vector in energy-probe coordinate frame

A dot over a symbol indicates differentiation with respect to time.



EXPERIMENTAL CONFIGURATION

The energy probe was evaluated on the Twin Otter aircraft shown in fig-
ure 1. This aircraft was being used in an investigation of wind-shear condi-
tions during landing and thus provided an opportunity for cooperative flight
test programs. As part of the wind-shear study experimental package, the air-
craft was equipped with an instrumentation boom protruding from the nose of the
vehicle. The boom, which was instrumented with two total-pressure probes,
static-pressure ports, and alpha and beta sensors, provided an energy-probe
location with considerably reduced flow-field effects. Figure 2 shows a side
view of the energy-probe installation, mounted aft of the alpha and beta
vanes. On all the test flights the energy probe was mounted 48° counterclock-
wise from the vertical looking aft in order to be completely free of boom-
induced flow-field effects that could result from pitching motions of the
vehicle. Two forward sweep angles GP were flown; on one flight the design
angle of -20° was used and on three other test flights a 6§p of -34° was
flown. The latter case provided data in a nonlinear operating range. A pneu-
matic filter was used to connect the energy probe with the pressure sensing
instrument which was either a variometer or an altitude-rate transducer. The
noise filter nominally consists of a cylindrical restrictor, 0.508 mm in
diameter and 25.4 mm long, connected in series to a 918 cm3 tank. This combi-
nation provides filtering equivalent to a simple lag circuit, providing a time
constant of approximately 2 s. Metallic tubing was used throughout the instal-
lation since laboratory tests indicated that the use of soft plastic tubing
resulted in gignificant noise on the signal. Photographs of the instrumenta-
tion compartment with the restrictor, filter volume, and tubing are shown in
figure 3.

A schematic diagram of the equipment used on most of the test flights is
shown in figure 4. Two variometers are shown, one operates on the filtered
energy-probe signal and the other operates on the unfiltered energy-probe
signal. A differential pressure transducer monitored the pressure differences
across the pneumatic filter and a probe monitored the temperature of one of the
variometer cases. Two very accurate absolute pressure transducers were added:
one monitored the pressure of the filtered energy system and the other mon-
itored static-pressure ports from the boom.

TEST FLIGHTS

The test flights were designed to provide data for the comparison of
measured and calculated energy-rate signals and to perform a limited investi-
gation of sensor sensitivity to angles of attack and sideslip and also to
attitude rates.

Four distinct test conditions were specified to provide the data of
interest. The first required flying the aircraft straight and level at maxi-
mum cruise speed for several different altitudes. This test condition provided
data for examining the noise levels and linearity of the sensor as a function
of altitude. The second test condition was designed to provide data for a
change in the aircraft kinetic energy. For this test, the aircraft was stabi-
lized in straight and level flight at maximum cruise speed with the flaps up.



The power was then reduced while the pilot maintained altitude. After the air-
craft decelerated to the minimum.safe airspeed V,gof¢, full power was applied

and the aircraft accelerated back to maximum cruise speed. The third test pro-
vided data for a potential/kinetic energy exchange. For this test, the aircraft
was first stabilized in a straight and level flight condition at V,.go¢. Without
changing power, the pilot pitched the aircraft down to establish a descent rate
of 3 m/s. When maximum allowable airspeed was reached (aircraft configuration
remained unchanged), the pilot pitched the aircraft up to establish an ascent
rate of 3 m/s. The test concluded when the aircraft decelerated to its Viegg.
The fourth test condition established a potential energy change condition.
Again, as in the other conditions, the aircraft was first stabilized in a
straight and level condition at Vieg. Then the aircraft was pitched down to
establish a descent rate of 3 m/s while maintaining the initial airspeed.

An additional flight maneuver was used extensively in the data analysis
but was not specified as part of the energy-probe conditions. This condition,
called the calibration maneuver, is shown in the results section and consisted
of a set of elevator, aileron, and rudder inputs to induce pitch, roll, and yaw
cycles, respectively, in the aircraft. These maneuvers helped to magnify the
effects of aircraft body rates and sensor location, relative to the aircraft
center of gravity, on the energy-rate output.

Table I summarizes the flight test runs that were made to check out the
energy probe.

TOTAL ENERGY-RATE CALCULATIONS

This section contains a development of the equations used to model the
total energy-rate system. These equations were developed to permit detailed
comparison with flight data to verify that the system is a true measure of the
change in total energy and to gain a thorough understanding of the individual
system components for future wind-shear application studies.

An important parameter that determines probe sensitivity is the coefficient
of pressure Cp. Reference 5 presents data describing the change of Cp with
forward sweep (probe angle of attack) for several probe configurations. The
model developed in this section is for linear range operation of the energy
probe in the region where Cp 1is insensitive to angle of attack. 1In the
appendix, a second model describes the energy-probe performance for larger
forward sweep angles where Cp varies nonlinearly with probe angle of attack.
Both models use independent vehicle measurements to calculate energy rate. Com-
parison of the calculated and measured energy-rate time histories for several
flights are presented in the following section.

Both linear and nonlinear range models require calculation of both the
kinetic and potential energy rates. However, the method of calculation of the
kinetic energy rate differs in the two cases. Equations for linear range
operation are given in this section; the equations for nonlinear range operation
are given in the appendix.



Two methods have been used to calculate true airspeed Vpp (ref. 9). The
first approach uses measurements of static and dynamic pressure (Pg and qg)
and altitude as follows:

2.Y PS qc >(Y-])/Y
— 2 \[=+ -1 (1)
(v = 1) psg Pg

where vy is the ratio of specific heats for air (1.4) and pg is the static
density at flight altitude and is taken from the 1962 standard atmosphere as a
function of altitude (ref. 10). The second method incorporates a measurement
of total air temperature to calculate true airspeed using equations (2) to (5)
as follows (refs. 9 and 11):

[ 2 qc (Y_l)/Y
M = ——— —— + .l - ] (2)
vy = 1) PS
T¢
Tg = —————— (3)
1 + 0.2nM2
To Pg
Pg = — — p (4)
S Ts Po (o]
PS
Vpp = M \ly — (5)
Ps

where M is the Mach number, Tg 1is the static temperature at altitude, n

is the total-temperature probe recovery factor (1.0) (ref. 11), T, is the
sea-level static air temperature, P, is the sea-level static pressure, and
Po 1is the sea-level density. The sensors used to measure dynamic pressure,
angle of attack, and angle of sideslip are at various locations relative to the
vehicle center of gravity, resulting in measurements that are influenced by
angular motions of the aircraft. Sensor location is considered in the calcu-
lation of the longitudinal velocity at the energy probe Vx,p (ref. 12) as



Vo = Vpy - (gqhpy - rdpr) (6a)

ag = op = (pdy = Qly)/Vo (6b)
Bo = Bm — (rig - php)/Vq (6c)
Vx,0 = Vg cos og cos Bg (6d)
Vx,p = Vx,0 + (ghp - rdp) (6e)

In equations (6), P, g, and r represent the vehicle roll, pitch, and yaw
rates; ], h, and d represent moment arms from the vehicle center of gravity
in the longitudinal, vertical, and lateral directions, respectively; the sub-
scripts 0, PT, o, B, and P refer to the center of gravity, pitot tube,

o and B vanes, and the energy probe, respectively; and the subscript m
refers to the measured angles. In almost all the test run cases, 0« and

By were less than 10° and generally did not peak simultaneously. Using the
small angle approximations, equation (6d4) is approximated as

Vx,0 * Vo (7)
and equations (6) and (7) combine to become
Vx,p = Vpr + qa(hp - hprp) - r(dp - dpr) (8)

On all Twin Otter flights described in this report, the energy probe and pitot
tube were located within 0.3 m of each other on the boom. The correction terms
in equation (8) become small in comparison to Vpp for small g and r; thus,

Vx,p * Vpr (9)

On a few test flights, o and 8 obtained values as high as 15° to 20°. For
those cases, the results using equations (6) are slightly better than the
results using equation (9). However, the small increase in accuracy did not
justify the added complexity. All plots in this paper, for linear range opera-
tion, use equation (9). Specific energy, or energy per unit weight, has the
units of height and has been referred to in the literature as energy height.
(See ref. 6.) In this paper, energy and energy height are used synonymously
since the conversion factor is a constant for the flight regime of interest.
Equation (9) shows that true airspeed can be used directly in calculating the
kinetic energy Hk as
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Hk = (Vx,p)2/29 (10)

where g represents the acceleration due to gravity.

The potential energy rate ﬁbar is measured by a barometric altimeter in
which the electrical signal is differentiated. The pressure sensing device is
located along the boom of the vehicle and thus senses pressure changes due to
vehicle angular motion. The altitude rate is desired at the energy probe, and
thus the measured pitch and roll attitudes (0 and ¢) are used and the differ-
ence in moment arms between the altimeter sensor and energy probe is taken into
account to calculate potential energy rate Hp as

Hp = Hpar - Sin 6 [athpar - hp) - r(dpar - dp)]
+ cos O sin ¢[?(lbar = 1p) = plhpar - hp)]
+ cos O cos ¢[p(dbar - dp) - dl(lpar - Zpﬂ an)

where the subscript bar refers to the barometric altimeter pressure device.

The energy probe is connected to a restrictor-volume pneumatic filter and
a variometer sensor. The pneumatic filter is modeled as a first-order low-pass
filter, and both the variometer and the altitude rate transducer are modeled as
a combination differentiator and low-pass filter. The differential equation
for the combined model is

Xq -b 1] (%9 0
. = + u (12)
Xq 0 -a X5 ab

where a and b are used to model the low-pass filter break frequency and
either the variometer or altitude rate transducer break frequency, X7 and X,
are the state variables, and u is the forcing function that represents either
the kinetic energy or potential energy rate. Writing equation (12) in more
general form

X = AX + Bu (13)
the solution can be obtained directly for discrete sampling intervals AT as

X(k + 1) = AT x(k) + a=1 [eAMT _ 1] Bu(k) (14)



where k is an integer representing the iteration sample. For all calculations
in this paper, AT is 0.2 s, a and b are 0.4 and 1.5 rad/s, respectively.
The a and b values were based on laboratory measurements,

The mathematical model of the filtered output variable is different for
both the kinetic energy rate and potential energy rate. The kinetic energy
Hy (eqg. (10)) must be filtered and differentiated and is represented as

Hpe = X3,k — bXq,k (15)

whereas the potential energy rate ﬁp (egq. (11)) is only filtered

fipe = X1,p (16)

where the subscripts 1,k, 2,k, and 1,p refer to equations (12) to (14) which
are used for both kinetic energy and potential energy. The total energy rate
H is

I:I = Hpg + I:Ipf (17)

RESULTS

This section contains the results from four test flights (table I) and
includes time history plots comparing the total energy rate as measured by the
energy-rate system with calculated values determined from independent vehicle
measurements. Calculated values for both the potential energy rate and kinetic
energy rate are also included. On flight 1, the energy probe was mounted at
the nominal forward sweep angle 6P of -20°, which is the case of greatest
interest. All these flights are shown for the linear model results. On
flights 2 to 4, 6P was -34°, causing nonlinear operation of the probe.
Selected flights illustrating various operations are shown for the nonlinear

model results.

Linear Model Results

Figures 5 to 10 contain time history plots for several types of maneuvers,
as described in table I for flight 1. These include take-off and landing,
calibrations, changes in either kinetic or potential energy, and potential and
kinetic energy exchanges. In each figure, the left side contains the three body
axis components of vehicle angular rate and the angles of attack and sideslip.
Both angles include the corrections due to location on the boom. (See egs. (6b)

and (6¢).)

The top plot on the right side is the true airspeed. This signal has been
passed through a low-pass filter of approximately 2.5 rad/s, which is high com-
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pared to other filter break frequencies in the total energy-probe system. The
next plot is for the energy-probe pressure measurement and includes the con-
tribution of the pneumatic filter. This pressure signal is a measure of total
energy.

The bottom three plots on the right side relate to the rate of change of
energy height; the order of plots is for the potential energy rate, the kinetic
energy rate, and the total energy rate. Two curves are shown for the calculated
potential energy rate. The solid curve represents the instantaneous change in
potential energy rate, whereas the dashed curve shows the effect of filtering.
The filtered curve is used in the calculation of total energy rate, since this
signal is representative of the potential energy-rate component in the energy-
probe measurement. The curve representing the calculated kinetic energy rate
is for the filtered signal only. The total energy-rate plots show a comparison
between the measured data (solid curve) and the calculated data (dashed curve).
The calculated curve results from the summation of the filtered potential and
kinetic energy rates shown in the previous plots. 1In many of the figures, the
second page represents a continuation of the run being illustrated. Zero time
on the continuation plots represents 70 s into the test run.

Figure 5 is for a take—off with lift-off at approximately 12 s, as illus-
trated by the pr curve. During take-off, there is an increase in both
potential and kinetic energy, causing a large decrease in pressure. At the
beginning of any new run, the calculated total energy rate is always initialized
to zero, and usually takes approximately 8 s, or 3 filter time constants, to get
close to the measured value.

The next four figures (6(a) to 6(d)), are for calibration maneuvers. Fig—-
ure 6(a) represents a pitch operation, as illustrated in both the q and oag
plots. The effect of system filtering is clearly illustrated in the Hyf
plot. Figures 6(b) and 6(d) are essentially roll maneuvers, whereas figure 6(c)
is a yaw/roll maneuver. Figure 6(c) is interesting because the Hps curve
has a frequency that is twice that of the vehicle yaw/roll frequency. The
probable reason for the double frequency is that the vehicle loses lift as it
rolls to either side and then regains lift as it returns to the nominal operating
point. This high frequency is essentially filtered out, resulting in very little
energy change. The pressure measurement is essentially constant for all cali-
bration maneuvers.

Figure 8 represents a kinetic energy change. This is illustrated by first
a decrease and then an increase in both Vpp and Hygg curves (fig. 7(a)).
For this case, H is essentially the same as Hyf. The change in total
energy is also illustrated in the plot of pressure Pg. The pressure peaks at
close to 40 s, which is approximately the time that the total energy rate passes
through zero. The delay in the change in total energy from decreasing to
increasing is due to the filtering in the variometer. Figure 7(b) shows Vprp
leveling off, and H converging to zero,

Figure 8 represents an exchange between potential and kinetic energy. As
shown in fiqure 8 (a), there is a small increase in kinetic energy for approxi-
mately 45 s, accompanied by a much larger decrease in potential energy, result-
ing in a total energy decrease. In figure 8(b), the potential energy starts

11



to increase at approximately 25 s (95 s into the run). At the same time, there
is a decrease in kinetic energy, which effectively nullifies the potential
energy change at the end of the run.

Figure 9 is for a change in potential energy. 1In figure 9(a), ﬁpf
shows a decrease in potential energy, whereas an increase in potential energy
is shown in figure 9(b).

A landing maneuver is illustrated in figure 10. Most of the total energy
change is due to a decrease in potential energy. Touchdown actually occurs at
approximately 15 s in figure 10(b). From this time until the end of the run,
kinetic energy changes account for the entire decrease in total energy. During
the landing run, a large increase is shown in the measured pressure plot, Pg.

Nonlinear Model Results

The intent of this section is to illustrate the modeling results for the
nonlinear range (Cp varies nonlinearly with angle of attack) flight tests.
A complete description of the nonlinear model is contained in the appendix.
Selected runs for flights 2, 3, and 4 are included to verify the modeling
approach.

Oon all three flights, the energy probe was oriented on the vehicle at a
sweep angle of -34©, resulting in nonlinear operation of the probe. The only
difference between flight 2 and flights 3 and 4 is that the latter two had a
variometer and the former an altitude rate device. The energy-rate calcu-
lations include the different filter characteristics between the variometer and
the altitude rate device.

Results shown for flight 2 include a take-off, three different calibration
maneuvers, and a potential/kinetic energy change. 1In figure 11, the initial
plotting time for the take-off run shows the true airspeed Vpp to be approxi-
mately 15 m/s. Lift-off takes place approximately 10 s later, as shown by the
Hps trace. Correlation of the measured and calculated total energy-rate
curves shows close agreement; however, the calculated energy rate has less
dynamic response and slightly less dc gain than the measured energy rate. For
the nonlinear model, a trade-off was made between the filter break frequency
and dc gain to get the best dynamic response for both low- and high-frequency
maneuvers. In general, the results in figure 11 closely resemble those for the
take-off run shown in figure 5.

Figure 12 includes results for three different calibration maneuvers. A
pitch maneuver, illustrated by the q and &g curves, is shown in figure 12(a).
Correlation between the measured and calculated total energy-rate curves shows
slight variations. Two sources of possible error affecting the calculations
are (1) the altitude rate sensor output with peak amplitudes very close to the
sensor saturation limits and (2) laboratory tests indicated that the pneumatic
filter has a nonlinear transfer function with a decreasing bandpass for increas-
ing input amplitude signals.
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Results for the roll maneuvers in figure 12(b) show extremely good corre-
lation for total energy rate. The double frequency effect on pr that was
described earlier, is illustrated in this figure and more clearly in the yaw/roll
maneuver shown in figure 12(c).

Figure 12(d) is the same run as figure 12(c) but has been included to
illustrate features used in the nonlinear model calculations. The five plots
show the three velocity components in the probe coordinate frame (egs. (A11)
and (A14)) and the angles of attack and sideslip of the probe (egs. (Al16) and
(A17)). The probe angle of attack varies sinusoidally from -16° to -420;
therefore, the calculated pressure coefficient Cp varies from -1.0 to -0.856
{egq. (A18)). Although not shown, the kinetic energy (and thus the total energy)
has been adjusted to reflect this nonlinearity.

The final selection from flight 2 is a potential/kinetic energy exchange
and is shown in figure 13. Figure 13(a) represents an increase in altitude
causing a potential energy increase and a decrease in airspeed causing a kinetic
energy decrease. The rate of increase of potential energy is greater than the
rate of decrease in kinetic energy, resulting in a net increase in total energy.
At approximately 65 s, the total energy starts to decrease because the potential
energy is decreasing at a faster rate than the kinetic energy is increasing.
Figure 13(b) is a continuation of this run and illustrates similar types of
activity. The calculated total energy rate closely resembles the measured data
during the entire run.

One run has been selected from each of flights 3 and 4 to illustrate the
modeling results. Figure 14 for flight 3 is a 70-s calibration run composed
of a large pitch rate of approximately 15 deg/s during the first 20 s, a large
roll rate of approximately 30 deg/s during the 20 to 40 s time period, and a
combination roll and vaw rate of approximately 20 deg/s and 30 deg/s, respec-
tively, during the final 20 s time period. The frequency of these maneuvers
are much higher than those described previously; the frequency of the pitch and
roll maneuvers are on the order of 1 to 1.5 rad/s, whereas the frequency of the
roll/yaw maneuver is approximately 2 rad/s. The angle of attack has peaks of
approximately 10° during the pitch rate maneuver, and the angle of sideslip has
peak values of approximately 20° during the roll/yaw maneuver. The probe angle
of attack op shown in the second column, varies over a wide range causing
Cp to vary nonlinearly.

The calculated and measured total energy rates show excellent agreement
during the first 50 s of flight. The reason for the amplitude discrepancy
during the final maneuver has not been identified but is probably the result of
additional unmodeled nonlinearities.

The run selected from flight 4 is a 3°© climb at essentially a constant
velocity (fig. 15). The potential energy rate varies about a level of approxi-
mately 3 m/s. Excellent agreement between the measured and calculated total
energy rate can be seen.
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CONCLUSIONS

Flight tests and analytical studies have been performed to develop a
detailed understanding of the energy-probe operation, to evaluate probe per-
formance, and to develop mathematical models for use in applications studies.
The Twin Otter configuration provided an environment relatively free of body-
induced flow-field effects and the aircraft contained accurate, accessible
instrumentation. These features made the aircraft an ideal test bed for the
investigation. Based on flight test data, the following conclusions may be
drawn:

1. The mathematical model developed for the energy-probe system provides
excellent agreement with flight test data for probe operation in the linear
region. Time history plots of the calculated and measured energy rate show the
two curves to be almost identical for many different types of aircraft maneuvers.

2. Good agreement between flight test data and model predictions was
achieved for operation in the nonlinear region. More complex processing is
required and in view of the results obtained in the linear region, operation
in the nonlinear region is not recommended.

3. The pneumatic filter provides a simple and effective means for supple-
menting the inherent filtering of the instrumentation.

4. The probe performance in the linear region has demonstrated its utility
to detect changes in total energy. The potential of the sensor for application
to wind-shear penetration should be investigated.

Langley Research Center

National Aeronautics and Space Administration
Hampton, VA 23665

April 8, 1981
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APPENDIX

EQUATIONS FOR NONLINEAR RANGE MODEL
This appendix presents the detailed equations for modeling the energy

probe when the probe has an orientation on the vehicle that results in a non-
linear operating range.

True airspeed, wind axis:

Method 1:
VPT = (— + 1) - 1 (A.l)
Pg
Method 2:
2 dc (-1 /vy
M = — + 1 -1 (A2)
Y - 1 Pg
Te
Tg = ————— (A3)
1 + 0.2nM2
TO PS
pg = — — p (Ad)
s Ts Po [o]
PS
Vpp = M \lY — (AS5)
Ps

The wind coordinate frame has the origin fixed to the vehicle and the longi-
tudinal axis directed along the velocity vector of the vehicle relative to
the atmosphere (ref. 13).
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APPENDIX

True vehicle airspeed, body coordinate frame:

Vo = VPI' - (thT - rdPT)

ag = op - (Pdy = dlg)/Vp

w0
o
]

{Vb}b

Airspeed vector

{vp}b

Airspeed vector
{vp}P
where

cos Ap cos Sp
P .
Cp = [-sin Ap cos §p

sin $p

Bm — (rlg - phg)/Vg

Vg cos 0g cos Bo
= Vo sin Bo

Vo sin ag cos By

(A6)

(A7)

(A8)

(A9)

at energy probe, body coordinate frame:

0 -r q lp
= {Vo}b + | 0 -p dp
-gq jo) 0 hp

(A10)

at energy probe, probe coordinate frame:

= Cg {Vp}b

cos Ap sin §p sin pp + sin Ap cos pp
-sin Ap sin 6p sin pp + cos Ap cos pPp

-cos §p sin pp

(A11)

-cos Ap sin 8p cos pp + sin Ap sin pp
sin Ap sin Sp cos pp + cos Ap sin pp

cos Sp cos pp

(A12)

Cg is the matrix transformation from body frame to probe frame and is a function
of the angle of rotation about the boom pp, forward sweep angle of the probe
8p, and twist angle of the probe Ap.
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APPENDIX
The nominal angles for the three flights corresponding to the nonlinear
operating ranges are

pp = 48° 8p = -34° Yp = 0°

Definition of the energy-probe axes are as follows:

X-axis: directed through probe hole with positive Y
direction on opposite side of hole
Z-axis: downward along probe length
Y-axis: positive direction chosen to complete
right-hand coordinate frame
X
Z
Kinetic energy as measured by energy probe:
Hg = (VX,P)2/29 (a13)
where
Vx,p
{VP}P = VY,P (A]4)
Vz,p

The kinetic energy is adjusted by determining a coefficient of pressure Cp
which is a function of the energy-probe angles of attack ap and sideslip Bp.
Both op and Bp are calculated from components of {Vp}P.

Energy-probe angles of attack and sideslip:

1/2
vp = [(vg,p)2 + (vy,p)2 + (Vz,p)2]” @1s)
op = tan~! vz p/Vx,p (A16)
Bp = sin~! vy, p/Vp (A17)
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APPENDIX

Coefficient of pressure:

For oap > -0.436 rad,

Cp = -1 (A18a)
For ap £ -0.436 rad,
Cp = -1.08176 - 0.00759050p + 0.410728 (ap)2 (A18b)

where the coefficients were obtained using a curve fit of data in reference 5.

Adjusted kinetic energy:

Hy <« —CpHy (A19)
Potential energy rate:
ép = ﬁbar - sin © [Q(hbar - hp) - r(dpar - dP)]
+ cos O sin ¢ [r(zbar ~ 1p) = plhpar - hpﬂ
+ cos 6 cos ¢ [p(dpar ~ dp) ~ Qllpar - 1p)] (A20)
Solution for filter equations:
X(k+1) = eAAT x(x) + a-l [eAAT - 1] Bu (k) (a21)
FPor flights 3 and 4 (altitude-rate transducer),
A =-B =-a=-0,5rad/s (A22)
Potential energy rate:
Hy = u (A23a)
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épf =X

Kinetic energy rate:

He = u
Hyg = a(u - X)

Flight 2, variometer:

w
il
—
)
o
o
| S |
Il
| A
=)
. o
N
| P

Potential energy rate:

X]l
X =
X2'

Hp = u

pr = X1IP

Kinetic energy rate:

X1,k
X =
X2,k

He = u

APPENDIX

(A23b)

(A24a)

(A24Db)

(A25a)

(A25b)

(a26a)

(A26b)

(A26¢C)

(A27a)

(A27b)
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Hep = X2,k ~ PX1,k
Total energy rate:
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(A27c)
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TABLE I.- SUMMARY OF TEST RUNS FOR ENERGY PROBE ON TWIN OTTER FLIGHTS

a7he results of the

this report.

Flight Run Type of run
(a)
1 1% Take-off
1 2% Calibration maneuver
1 3% Kinetic energy change
1 4* Potential/kinetic energy exchange
1 5* Potential energy change
1 6%* Calibration maneuver
1 7* Landing
2 1* Take-of £
2 2 Constant altitude (James River Bridge run)
2 3% Calibration maneuver
2 4 Kinetic energy change
2 5% Potential/kinetic energy exchange
2 6 Constant altitude h = 914 m
2 7 Constant altitude h = 457 m
3 1 Take-off
3 2 Overflight Thimble Shoals Lighthouse
3 3 Kinetic energy change
3 4 Potential/kinetic energy exchange
3 5* Calibration maneuvers
3 6 Landing
4 1 Take-off
4 2 Level flight h = 457 m
4 3 Level flight h = 1066 n{} Energy-probe runs
4 4 Level flight h = 1676 m
4 5 to 11 Constant altitude = Radar calibration data
4 12 and 13 Track 3° glide slope
4 14%* 30 ¢limb
4 15 to 21 Constant altitude data

runs with an asterisk are the ones given in
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Figure 1.- Twin Otter aircraft.
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Figure 2.~ Side view of energy-probe installation.
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(a) Aft view.

Figure 3.- Instrumentation compartment.
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Figure 3.~ Concluded.
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Figure 12.- Calibration maneuvers; flight 2; run 3.
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Figure 13.- Potential/kinetic energy exchange; flight 2; run 5.
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